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The work presented in this thesis is the investigation and study of 
a possible and successful means of injecting an electrolyte solution into 
a fine grain soil mass with the use of electric current and to measure 
some of the changes of its physical properties. A NoKarb Georgia Kaolin 
Clay was treated by passing a preferential electrolyte solution of 
Ca(0H)2 using direct current for a period of one and six days. The tests 
performed during this investigation included the following: (a) tri- 
axial tests, (b) atterberg limits, (c) pH determination, (d) moisture 
content change (from treatment), (e) visual settling of treated and un­
treated soil, and (f) dye flow indication. The results obtained from 
the above mentioned tests performed indicated that calcium ions from an 
electrolytic solution of hydrated lime and water, can be transported with 
the pore water movement due to an electromotive force, and that the 
changes of the physical characteristics of the clay are measurable.
It was further indicated that more noticeable changes in the physical 
characteristics of fine grain soil could probably be accomplished with 




The author wishes to express his indebtedness to Mr. John B. 
Heagler, Jr., Associate Professor of Civil Engineering, Missouri School 
of Mines and Metallurgy, for his guidance and help he rendered through­
out the course of investigation and preparation of this report.
Sincere thanks to Professor E. W. Carlton, Chairman of the Civil 
Engineering Department, Missouri School of Mines and Metallurgy, for 
his guidance and help he rendered throughout the graduate program of 
instruction and to Dr. Thomas S. Fry, Associate Professor of Civil 
Engineering, Missouri School of Mines and Metallurgy for his helpful 
suggestions and sincere criticism in preparation of this report.
Thanks of appreciation to Dr. Sotirios G. Grigoropoulos, Associate 
Professor of Civil Engineering, Missouri School of Mines and 
Metallurgy, for his continuing help and use of the Sanitary Engineering 
Laboratory and its equipment.
The contribution of Messrs. L. Burris, J. Kirby, N. Brown and 
G. McMurtrey, undergraduate assistants for their assistance in 
collection and presentation of data.
Special recognition and gratitude to my wife for her assistance 
in the experimental research. Her encouragement and willingness, and 






LIST OF ILLUSTRATIONS...............................................  v
LIST OF TABLES....................................................... vi
I . INTRODUCTION................................    1
II. REVIEW OF LITERATURE.......................................... 4
III. DISCUSSION OF THEORY........................................... 10
A. General............... ................................... 10
B. Stabilization Effects of Hydrated Lime......................13
IV. LABORATORY INVESTIGATIONS...................................... 19
A. General.....................................................19
B. Equipment Used..............................................19
C. Materials Used..................... .......................28
D. Procedure...................................................28
V. RESULTS AND CONCLUSIONS.................................   37





Mohr Circle Diagrams of Triaxial Test Results.................. 56
APPENDIX B
Mohr Circle Diagrams of Selected Samples Adjusted for 30 
Percent Moisture Content..................   69
VLIST OF ILLUSTRATIONS
FIGURE PAGE
1. Clay Particle and Its Adsorbed Water Under the Influence of
E.M.F......................................................  11
2. Double Layer..................................................  16
3. Diagramatic Representation of Zeta Potential.................. 16
4. Experimental Treatment Apparatus..............................  20
5. Acrylic Tube and Compaction Hammer............................  20
6. Views Showing How Grid Holds Tubes............................ 22
7. Zeromatic Beckman pH Meter..................................... 23
8. Brookfield Viscometer........    23
9. Titration Apparatus...........................................  24
10. Karol Warner Unconfined Compression Machine...................  25
11. Soiltest Triaxial Testing Machine.............................  26
12. Schematic Circuit Diagram...................................... 27
13. Graphite Anodes with CaCO^ Scales.........................    29
14. Viscosity vs. pH Curve...............   30
15. NaOH Titrated Clay Sample Dried...............................  32
16. Thixotropic Regain in Clays.................................... 33
17 . Thixotropic Samples...........................................  34
18. Soiltest Extruder.............................................. 36
19. Physical Effects Observed During Treatment....................  38
20. Piping of Samples and Settlement on Cathode Screens...........  39
21. Triaxial Test Samples Loaded to Failure............   41
22. Observation Test of the Settled Volume of Clay................  49




I Moisture Content Determination Before and After Treatment... 42
II pH Determination Before and After Treatment................. 44
III Atterberg Limits Determination Before and After Treatment... 46
IV Shrinkage Limit and Shrinkage Ratio Determinations on
Untreated and Treated Clay............................... 47
I. INTRODUCTION
An important military problem in the application of soil 
stabilization is to improve the supporting capacity of natural soil 
deposits. The stabilization must be effective for soils that often 
exhibit a wide range in index properties. The stabilization of such 
deposits must develop an appreciable increase in shear strength and 
resistance to deformation that will not be affected by changes in water 
content after they have been treated. It is desirable to accomplish the 
stabilization of soil deposits with a minimum amount of manipulation.
If an additive is applied as the stabilizer, the use of small proportions 
is desirable in order to reduce the expense.
The term "soil stabilization" includes all physical, chemical, 
electrical, thermal, and other changes by which soils can be improved 
to serve better their intended purposes. A broad definition of the 
term is "to change the natural character of a soil to satisfy more 
nearly an engineering requirement".
Stabilization can be achieved by the use of bituminous materials, 
especially for road and airstrip construction. Many soil deposits have 
been stabilized by the addition of portland cement, lime, calcium 
chloride, sodium silicate, lignin derivatives, and other natural or 
synthetic resins.
The stabilization of fine grained soils is very important because 
changes in water content has a marked effect on the shear strength and 
settlement characteristics of clayey soils.
There are several procedures that can be used to accomplish 
stabilization of a soil deposit. These methods can be grouped into the
following general categories; (a) stabilization by drainage, (b) ad­
justment of gradation, (c) compaction and densification, and (d) 
chemical treatment.
The physical and chemical methods of achieving stabilization 
listed in the above categories are many and varied, however, it can be 
stated that as a general rule the physical methods do not change the 
inherent properties of the soil whereas the chemical methods can effect 
these properties. It is this ability to change the soil characteristics 
that has prompted previous research and offers possibilities for solution 
of many difficult stabilization problems associated with fine grained 
soils. Many of the stabilization methods now used are limited in 
application to soil deposits in which the dominant grain size is of the 
coarse fraction. As a result, the search for suitable methods of 
stabilizing the fine-grained soils is being pursued quite actively.
Technical literature contains several reports of the successful 
drainage of fine grained soils by the use of electric current. The 
process is called electro-osmotic drainage. The stabilization achieved 
by this method may be only temporary, because the soil mass returns to 
its original state after the current is removed. The successful 
drainage of fine-grain soils by the use of an electric current suggests 
the possibility of stabilizing soils by the injection of an electrolytic 
solution into the soil mass.
For many years soil solidification by chemical injection has been 
used to stabilize porous soils and fractured rock masses in place by the 
Joosten and the K-L-M methods.
To date no satisfactory method has been developed for the permanent 
stabilization of fine-grained soils in place.
The investigation conducted in connection with this thesis is con­
cerned with the use of an electric current to inject an electrolytic 
solution into samples of clay. The changes in some of the physical 
properties caused by the injection of preferential cations into the 
samples of clay have been measured to evaluate the effectiveness of the 
procedure that has been used. Pure Georgia NoKarb Kaolin clay was used 
for the soil samples and the electrolyte was a calcium hydroxide (CaOI^) 
solution.
03
II. REVIEW OF LITERATURE
The literature on the subject of electro-chemical stabilization 
of soils is very limited. The literature from the related field of 
electro-osmosis is applicable to the problem of chemical injection be­
cause effective drainage of relatively impervious soils can be 
accomplished only by the use of an electromotive force (e.m.f.).
Leo Casagrande's studies in electrical methods of soil 
stabilization have been directed along the lines of electro-osmotic 
drainage and electro-chemical hardening. Casagrande, using well points 
as negative electrodes and steel pilings as positive electrodes, in­
creased the flow of water to the well points for pumping. Practical 
examples of this type of electro-osmotic drainage are the submarine 
pens at Trondheim, Norway, a deep railway cut at Salzgitter, and a 
tunnel in the Lerkendal Valley, both in Germany (1).
The first application of electro-chemical hardening of soils was 
performed by Leo Casagrande (2) in 1930. Permanent stabilization of 
the soil was produced by using aluminum electrodes. This effect was 
not obtained when electrodes of other substances were used. Metals 
other than aluminum, even with the aid of chemicals such as aluminum 
salts, produced only temporary strengthening which dissipated after 
soaking in water for a short period of time. On the other hand soils 
treated in conjunction with aluminum electrodes remained unaltered 
during a slaking test for approximately three years. In all cases, the 
aluminum electrodes, which were extracted after treatment, were heavily 
corroded, whereas electrodes of other metals were not similarly 
affected. Insoluable salts were deposited in the soil adjacent to the 
aluminum electrodes . This salt concentration in the soil masses appeared
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to cause a cementation of the soil grains. Casagrande suggests that 
these salts were responsible for strength increase of the soil. He 
further found that all of the clayey soils that he tested were suitable 
for electric chemical treatment and that strengthening took place about 
both electrodes.
In 1935, Messrs. Endell and Hoffman (3) used metal electrodes, 
aluminum for the anode and copper for the cathode and passed direct 
current between the electrodes until the clay was hardened. Endell and 
Hoffman cited various laboratory tests. In one test, clay with 80 per­
cent moisture content, almost a slurry, became so hard after treatment 
with direct current (8-14 amperes at 300-500 voltage potential), that 
an iron rod one square centimeter in diameter failed to penetrate the 
sample under twenty-two pounds of load. It was also reported from the 
laboratory tests, that immersion in water produced no change in the 
hardened clay.
Model studies of this method were conducted by Erlenbach (4) in 
1936. The results of this research generally confirmed that reported by 
Casagrande. Erlenbach investigated the performance of changes in soil 
treated by observing a sample which was kept submerged for three and 
one half years. No change in structure or in moisture content was re­
corded. A pile electrode with the attached soil was tested in com­
pression and tension while submerged in water. The soil did not show 
any evidence of slaking as a result of changing the length of the pile. 
Slaking of the soil under these conditions had been anticipated.
Bernatzik (5) reported in 1936, that the angle of friction of a 
mixture of sand and clay (pottery clay) was increased from 23 to 33 de­
grees as a result of electro-chemical treatment. He also noticed that
the material became "more sandy", that is, larger grains were formed as 
was shown by a wet mechanical analysis and by Standard Liquid Limit and 
Plastic Limit Tests.
Casagrande in 1937, undertook a full scale test following Bernatzik's 
promising model tests . The site location was favorable because of the 
high compressibility of the soil, high moisture content of the soil, and 
the area was covered with water to a depth of 8 to 12 inches . Borings 
made at the site indicated that the subsoil consisted of homogeneous 
clayey silt with a moisture content below the liquid limit. Tests were 
carried out on three pairs of piles spaced 4, 5, and 6 feet apart 
respectively. The 20 foot embedded portion of the piles was plated with 
aluminum 1 mm. in thickness. A potential drop across each pair of piles 
was applied for varying durations of time and loading tests were carried 
out as the treatment progressed. The bearing capacity of the piles in­
creased to a maximum value and then decreased as treatment continued.
The average maximum load carrying capacity of 40 tons per pile (approxi­
mately five times the untreated figure) was reached after a consumption 
of 30 kilowatt hours (KWH) of energy. Upon completion of the tests, as 
in the model tests, it was noted the aluminum was badly corroded and 
when the piles were withdrawn a body of soil about 12 inches in thick­
ness, measured normal to the pile surface, had changed physical 
properties and was firmly bonded to the aluminum sheeting.
B. H. Rzhantzin (6) of the USSR in 1941 reported that the density 
and bearing strength of clayey soils are increased significantly in 
consequence passage of electric current through an otherwise undisturbed 
soil mass. The best field results were obtained at 30 to 200 KWH at 100 
to 200 volts (direct current) per meter at not over 20 amperes per
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square meter. The distance between copper cathodes and aluminum anodes 
in this series of tests was between 0.5 and 1.0 meter. There was no 
appreciable heating of the soil mass. It is believed that electro­
osmosis of water, substitution of aluminum for other replaceable bases 
and formation of aluminum and iron gels are responsible for the 
stabilization. Stabilized clays were kept immersed in water for two 
and one-half years without any visible signs of slaking.
"Some clays are more easily stabilized than others. For 
example, a clay with plasticity index of 15.3 porosity of 
35.4 and cation exchange capacity of 24.0 was stabilized en­
tirely in 50 hours. Another clay (plasticity index 26.1 
porosity 31.0 cation exchange capacity 40.3) was only partially 
stabilized in proximity of the electrodes. A third clay 
(plasticity index 3.2) required 200 hours under comparable 
conditions".
An increase in density is first observed in the vicinity of 
the anode. There is a decrease in density, during the first few hours, 
near the cathode after which the soil in this area gains in density.
The soil roughly equidistant from the electrodes is the most susceptible 
to undergo the compaction by the current. A partial drying of the ground 
accompanies stabilization. In a cited case, the moisture was reduced 
from 53 to 20 percent.
Casagrande (2) describes large scale tests using piles with 
aluminum as electrodes conducted by Grun and Bulfinger in 1938. It was 
impossible to apply loads of sufficient magnitude to determine the 
total bearing capacity of the piles which resulted from electro­
chemical treatment, therefore, the tests were discontinued. It may be 
concluded that from the data presented that the capacity of the piles 
was at least doubled as a result of the electro-chemical changes.
07
Poisson (7) in 1948, reported the results of a series of laboratory 
tests on plastic clay using a sodium solution injected by direct and 
alternating current. The object of this research was to study the 
changes in the physical properties which result from electro-chemical 
treatment. Atterberg limit tests were used to measure these changes.
Both the anode and cathode were made of iron. The anodes were 
perforated and wrapped in metallic gauze to facilitate the injection of 
the sodium solution in the clay mass. The horizontally placed 
thermometer was located 10 centimeters from the anodes. The observed 
temperature during treatment was constant and never exceeded 30°C.
Poisson in his conclusions reported the following: (a) the mechanical 
properties were not changed permanently by the treatment with sodium 
solution and electrical current, (b) the product obtained after treatment 
was more compressible regardless of decrease in moisture content,
(c) treatment by alternating current causes increased hydration, more 
compressibility, and greater susceptibility swelling, and (d) treat­
ment by direct current produced dehydration of the sample to the extent 
that it could be inferior to the untreated clay.
Spangler and King (8) (9) in 1949, reported on the relationship 
between the clay content of the soil in which model piles were driven, 
the maximum increase in bearing capacity of the piles, and the optimum 
amount of electrical treatment to produce maximum bearing capacity. A 
series of ten pairs of model piles consisting of 1/2 inch diameter 
aluminum alloy rods were driven into various soils (montmorillonite 
and kaolin) contained in waterproof boxes. Each pair of piles was 
spaced 7 inches center to center, 23 inches long and driven 16 inches 
into the soil. The soils were of various mixtures ranging from 2.8
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percent to 48 percent moisture content. All soil samples were kept 
saturated throughout the tests by maintaining a layer of water about 
1/2 inch deep over the soil mass. The initial bearing capacity of each 
pile was determined after it was driven 16 inches into the saturated 
soil. During the electrical treatment, measurement of the bearing 
capacity of each pile was made at frequent intervals^and it was found 
that the bearing capacity of the piles in all cases increased to a 
maximum value as treatment progressed. Further treatment beyond optimum 
caused a marked decline in bearing capacity. All piles were heavily 
corroded as a result of the treatment.
In 1950, Kolbuszewski (10) reported the results of model experi­
ments in which load bearing piles consisting of aluminum, wood and 
iron were used. The electrodes were separate aluminum bars 1/2 inch in 
diameter. The measuring piles (aluminum, wood and iron) were placed in 
the center of the zone of treatment formed by the electrodes. Although 
the model experiments with the local clay were not completed at the time 
the paper was published sufficient data were available to indicate that 
electro-chemical treatment of saturated clay can be accomplished. First 
the aluminum takes part in base exchange by altering the character of 
the individual clay particles, then the clay forms a new secondary 
structure of its own due to the replacement of the water by the particles 
of aluminum hydroxide trapped by the particles of clay. This technique 
differs from that of the previous investigators who used the electrodes 
as piles and measured their bearing capacity.
III. DISCUSSION OF THEORY
A. GENERAL
In order that a current may pass from one point to another through 
a conductor, a difference of potential or electromotive force must 
exist. Electrolysis is the process of passing a direct current through 
a conducting solution of an electrolyte where chemical changes take 
place. Substances which in aqueous solution conduct electric current 
are referred to as electrolytes and those showing no conduction are said 
to be non electrolytes.
Pure water is a non conductor of electricity since there is almost 
no ionization of the water molecule. An impure water^which contains 
ions of various types^is classed as a conductor^ to a degree based on 
the amount and type of impurities.
In the natural soil water system there are three fundamental 
classes of water present according to Briggs classification (11). The 
three classes are: (a) gravitational water, (b) capillary water, and 
(c) absorbed water. All of these waters will contain dissolved minerals 
of various types, i.e., Sodium, Calcium, Potassium, Iron, etc., so that 
the water and its associated ions in the soil system may be a fair 
electrical conductor.
When a voltage difference is applied to a soil water system the 
mineral ions in the aqueous solution will migrate to the anode or 
cathode. The direction of migration depends on the charge on the 
migrating ion. The movement of these ions with their associated water 
of hydration causes motion of the liquid with respect to the soil 
solids. The movement of water is called electro-osmosis (see Figure 1).
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FI6 .1  CLAY PARTICLE & IT S  ADSORBED WATER 
UNDER THE IN FLU EN C E  OF E.M .F.
If the cathode is a well point or a drain of some sort water may 
be removed from the soil system at this point and the soil moisture 
content will be decreased. This process is called electro-osmotic 
drainage and has been used successfully to decrease the moisture con­
tent of otherwise impervious soils.
As previously stated, the effect of drainage on the engineering 
properties of a soil mass may not be permanent, but may be lost when the 
soil is re-exposed to water. From the literature it is evident that 
injection of selected mineral ions into the soil system may cause 
beneficial changes in the soil system which can be of a permanent 
nature. These beneficial changes may be associated with: (1) changes 
in the zeta potential of the extremely small particles of soil and an 
accompanying change of the strength components of the soil system and 
(2) reaction of the injected ion with existing components of the soil 
water system to form new insoluble percipitate bonding agents.
Change in the zeta potential of a soil which is to be manipulated 
effects the final structure of the soil system and thereby the strength 
components of the soil. When the soil is not to^be manipulated but is 
to be treated in place a change in the zeta potential will not affect 
the soil structure as much. It can be predicted that decreasing the 
zeta potential will decrease the repulsion forces between the particles 
and allow close packing of the system. This effective densification of 
the system should be permanent at least, until the ions are leached out 
by ground water movement. Usually, densification of a soil increases 
the shearing strength of the soil system.
Reaction of the injected ion with existing components of the soil 
system to form insoluble percipitate bonding agents is obviously
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advantageous in a soil system. The bonding agents form permanent ad­
hesion between the soil particles and improve the cohesive properties 
of the system. The literature review refers to a number of papers re­
porting on the injection of aluminum ions from aluminum anodes into the 
soil and the formation of strong bonding agents.
There are a number of stabilizing agents which can react with soil 
to give the above mentioned results. It appears feasible therefore to 
find an additive which will act as an electrolyte in an aqueous solution 
and that can be injected into impervious soils under the influence of 
electromotive force. Phosphoric acid and hydrated lime are two materials 
that are satisfactory additives. Hydrated lime is readily available in 
most areas and would be an economical stabilizing agent.
B. STABILIZATION EFFECTS OF HYDRATED LIME
The first use of lime was made by the ancient Romans when they 
mixed it with a volcanic sand rock called pozzolan, named after the 
locale where it was found, Pozzuola, Italy. The success of this 
mixture was due to a large extent to the combination of the silica of 
the stone with lime to form a hard cementing material.
Many authors have reported on the use of lime as an admixture in 
soil. Lime will generally bring about a decrease in soil density, 
change the plasticity properties of soil, and increase soil strength.
The action of lime in soil can be explained in three basic reactions:




Ion exchange consists of replacing one ion attached to the soil 
particles by a different ion. Since many of the properties of a clay 
are related to the exchangeable adsorbed ion, this procedure, as previously 
stated offers possibilities for altering the soil properties.
In the discussion of the formation of a double layer of ions at the 
solid-liquid interface it is pointed out that one layer consists of 
ions which are preferentially adsorbed by the unsaturated charges 
located in the surface of the solid and, for convenience, it will be 
designated the fixed layer. The fixed layer should be visualized as a 
rigid layer of ions and oriented water dipoles, the thickness of which 
is variable and depends largely upon the nature of the ions, the strength 
of the electrostatic forces, and the amount of adsorbed water. Since 
it is fixed to the surface of the solid any movement of the bulk of the 
liquid must be against the face of the fixed layer rather than against 
the face of the solid.
The outer layer of the double layer consists of the counter ions,
i.e., ions having a charge opposite to that of the fixed layer. From a 
practical point of view this counter layer and the fixed layer both con­
tain negative and positive ions. One sign, however, is predominant in 
each layer and, as has been stated, these are opposite in the two 
layers.
Helmholtz (12) presented the first mathematical treatment of the 
double layer which he assumed consisted of a negative charge in the 
liquid, the two layers being parallel and separated by an exceedingly 
small distance. He visualized this structure as essentially similar to 
a condenser and, by the application of the condenser principles, he ob­
tained a mathematical solution of electrokinetic or zeta potential.
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While the modern mathematical treatment is still based upon the 
assumptions of Helmholtz, it may be seen that the concept of the 
structure of the double layer has been modified considerably. It is 
generally accepted now that the rigid layer is relatively thin and 
attached to the surface of the solid phase, and that the diffuse or 
counter layer extends outward from the attached layer into the liquid 
phase a varying distance. The first is represented by the zone A in 
Figure 2 and the second by zone B.
The maximum potential difference between a solid and the solution 
with which it is in contact is called the thermodynamic potential.
This should be visualized as a potential difference between the bulk of 
the solid and the liquid, respectively, well beyond the zone of in­
fluence of the double layer.
The quantitative relationship between the zeta and total or 
thermodynamic potentials is shown diagrammatically in Figure 3. In this 
figure the ordinates and the abscissae represent potential and distance 
outward from the solid-liquid interface, respectively.
There is a sharp decrease of potential across the rigid layer and 
a more gradual decrease across the diffuse layer. The zeta potential 
is that portion of the potential drop that exists between the boundary 
separating the rigid and diffuse layers on one side and the outer limit 
of the diffuse layer on the other.
It may be seen that the zeta potential must depend quantitatively 
upon the total potential, the thickness of the adsorbed layer, and the 
thickness of the diffuse layer. The total potential will, in turn, 
depend upon the character of the solid and the solution with which it
is in contact.
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FIG. Z DOUBLE LAYER
FIG. 3 DIAGRAM AT 1C REPRESENTATION OF
z e t a  p o t e n t i a l .
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The thickness of the adsorbed layer, as has been stated, depends 
upon the nature of the adsorbed ions, the strength of the electrostatic 
forces and the amount of adsorbed water. It also depends to some extent 
upon the concentration of ions in the bulk of the solution.
The conditions illustrated in Figure 3 refer to a very dilute 
solution, i.e., a solution in which the ions in the bulk of the 
solution are so distant one from another that they exert no electro­
static influence upon each other. If the concentration is increased 
there will be an increase in the number of counter ions, particularly 
in the vicinity of the diffuse layer which will tend to decrease the 
effective thickness of both the rigid and the diffuse layers. This 
will be accompanied by a decrease in the zeta potential.
If the concentration is made great enough the sign of the zeta 
potential may be reversed. This may be due to a neutralization of the 
charge on the particle or to such a decrease in the thickness of the 
double layer that it eventually collapses and reforms with the charges 
reversed.
Addition of calcium from the calcium hydroxide electrolyte can 
replace those cations removed from the double layer by action of the 
electromotive force. The effect of calcium ions in the diffuse layer 
will be either to increase or decrease the thickness of the diffuse 
layer, thereby increasing or decreasing the zeta potential. Whether 
the diffuse layer thickness increases or decreases depends on the type 
of ions adsorbed before the replacement takes place. If the adsorbed 
layer contains large sodium or potassium ions the replacement by 
calcium would decrease the layer thickness whereas, if the layer 
contained small hydrogen ions replacement by calcium would probably 
increase the layer thickness.
2. Precipitation.
Many compounds will react with each other in solution to form a new 
compound which is insoluble and therefore precipitates out of solution. 
Some of these precipitates possess characteristics which make them 
suitable as stabilizing agents. An example of this is the formation of 
calcium silicate by precipitation from solutions of sodium silicate and 
calcium chloride.
One of the stabilizing effects attributed to calcium hydroxide is 
the formation of calcium carbonate as a bonding agent when it is exposed 
to carbon dioxide in the soil system. This occurs over a long period 
of time and may contribute a considerable amount of strength to the soil 
system.
3. Pozzolanic Action.
The third means by which lime may act as a stabilizing agent is 
called pozzolanic reaction. This reaction is one in which the calcium 
ion reacts with existing minerals in the soil system to form insoluble 
percipitate binding agents. The reaction is normally associated with 
the amorphous silicates in the soil system which react with the lime to 
form calcium silicates. In the same manner free aluminum in the soil 
can react with the calcium to form calcium aluminates. Reactions of 
this nature occur over long periods of time depending on the surface 
area of the silica, amount of alkali in the soil, the temperature of 
the system and the presence of the moisture. The amount of strength 
contributed by this reaction is dependent on the quantity of the so 





In the discussion, it was mentioned that the principle of electro­
osmosis might be used to inject a preferential ion into a fine grained 
soil mass by electric current. To accomplish this, an experimental 
treatment apparatus and testing procedure was developed. A pure 
commercially processed clay called NoKarb Georgia Kaolin was obtained 
for the laboratory investigation from the Missouri School of Mines and 
Metallurgy Ceramics Engineering Department.
B. EQUIPMENT USED
1. The experimental treatment apparatus consisted of the following:
a. A plexiglass tank 12 x 12 x 8 inches using 1/4 inch thick 
plates was glued together by a plastic solvent spread by means of a 
hypodermic needle. The function of the plastic tank was to hold the 
electrolyte solution and anodes (Figure 4).
b. The open end of twenty-four acrylic tubes (1 1/4 inch 
inner diameter and 11 3/4 inches in length) was covered with a parchment 
membrane paper to hold the soil in place during treatment. This mem­
brane was fastened to the plastic tubing by means of a wide rubber band 
wrapped with plastic tape. Compaction of the soil into these tubes re­
quired the use of a specially constructed compaction hammer (Figure 5).
c. A plastic grid top was designed to hold the filled tubes 
and to support a grid loop of electrical wire used for the connection 
of the cathode wires (Figure 6) .
2. A commercial type Zeromatic Beckman pH meter was used in this 
investigation to determine the hydrogen ion concentration of selected
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Figure 4. Experimental Treatment Apparatus
Figure 5. Acrylic Tube and Compaction Hammer
samples, taken from the tail water (cathode), bath water (anode), and 
the soil before and after treatment. Each pH test was performed at a 
concentration of 4 grams of soil with 10 ml. of distilled water (Figure
7).
3. A Brookfield Viscometer was used in the preliminary tests of 
this investigation when determining the pH at which a slurry of the 
soil sample would be in a deflocculated state (Figure 8).
4. The Titration apparatus consisted of a 25 ml. burette with 
stand, automatic stirring machine, and a large pan for the soil slurry 
mixture (Figure 9).
5. A Karol Warner commercial unconfined compression testing 
machine, was used to determine the compressive strength of the sample 
(Figure 10).
6. A Soiltest triaxial testing machine was used to determine the 
shear resistance of the soil samples when subjected to a confining 
pressure (Figure 11).
7. A standard Attefberg liquid limit device was employed to 
determine the upper limit of the plastic range of the untreated and 
treated soil.
8. Standard procedure was used to determine the plastic limit, 
shrinkage limit and shrinkage ratio.
9. A rectifier with a 0-300 volt range was employed to change 
the a.c. current to direct current.
10. Voltage and milliamp meters were used to measure the applied 
voltage and the current flow in the circuit.
A schematic sketch of the test apparatus and circuit diagram is
21
illustrated in Figure 12.
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View of Plastic Grid to Hold Tubes
Figure 6
View Showing How Grid Holds 
Tubes Suspended in Electrolyte
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Figure 7. Zeromatic Beckman pH Meter








Karol Warner Unconfined Compression Machine
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Figure 11
Soiltest Triaxial Testing Machine
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FIG. 12. SCHEMATIC C IR CU IT  DIAGRAM
C . MATERIALS USED
1. NoKarb Georgia Kaolin was used because it was readily available 
and was a clay nearly free of contamination by other minerals . This 
clay is reported to be 96 percent pure.
2 . A one normal solution of sodium hydroxide was employed to 
titrate the test clay into a deflocculated state.
3. A reagent grade of calcium hydroxide from Fisher Company of 
St. Louis, Missouri, was used as the electrolyte.
4. Graphite was selected as an inert material for use as anodes 
so that no ions other than from the electrolyte would move through the 
test specimens (Figure 13).
5. Copper screening was used for the cathodes.
6. Uranine water soluable dye was used to color the electrolyte 
in order to observe the flow of pore water through the soil.
D. PROCEDURE
A portion of the clay (120 grams) was mixed with 300 ml of distilled 
water to form a clay water slurry. Sodium hydroxide was titrated into 
the slurry with readings of pH and viscosity taken at intervals during 
the titration. A viscosity versus pH curve (Figure 14) was plotted to 
determine both the quantity of sodium hydroxide necessary to achieve 
deflocculation of the clay and the pH of the slurry when sufficient 
sodium hydroxide was present for deflocculation.
A 3000 gram sample of clay in the form of a slurry was then 
titrated with sodium hydroxide to bring it to the desired pH (8.0) and 
viscosity (25 cps). The clay slurry was then allowed to settle for 
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leaving the wet clay. The clay was then oven dried at 90 degree centi­
grade for two days (Figure 15). It is assumed that the clay particle 
was sodium saturated as a result of this treatment. This was checked by 
rewetting some of the clay and measuring the pH of the new slurry. The 
final pH value was 7.3 to 7.6*
Atterberg limits, shrinkage limits and pH determinations were made 
on the sodium saturated clay before electro-chemical injection. Twelve 
of the plastic tubes were filled with the clay and compacted with a 
specially constructed compaction hammer. Moisture contents of the 
compacted clay and the weights of the filled tubes were obtained. The 
samples were then ready for testing. The compaction moisture content 
of the clay was in the vicinity of the liquid limit.
Six of the twelve tubes were sealed with paraffin immediately after 
compaction and placed in the humid curing room. The intent of this 
procedure for these six samples were being subjected to electro-chemical 
injection. The thixotropic tests were discontinued when it was 
established that this property of kaolin is negligible (Figure 16 6s 17).
Copper wire mesh cathodes were placed in the top of the six tubes 
selected for treatment. Several rubber bands were placed around the mid 
section of each tube to support them in the grid frame of the electro­
chemical treatment apparatus.
The treatment was carefully controlled for the duration of the 
test at a constant current potential of 50 volts. This potential was 
chosen because previous literature indicated that potentials or voltages 
within this range were most used for similar investigations. Tubes 
numbered 1, 2, 3, 7, 8, 9, 13, 14 and 15 were treated for 24 hours and 




NaOH Titrated Clay Sample Dried
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T I M E  IN  DAYS




Hydrogen ion concentration, pH, establish that the saturated Ca(0H>2 
was ionized and that the electrolyte in the tank was maintained at a 
constant pH. Hydrogen ion concentration determinations were made of the 
cathode water to note any pH differences with respect to the bath pH. 
Constant readings of voltage were taken throughout the treatment. A 
periodic check of current was made with a milliamp meter to observe 
the resistance of the circuit. Changes in the resistance in the circuit 
reflect changes in the permeability of the soil.
Upon completion of one day and six days of treatment samples from 
selected tubes were tested as follows: (a) confined and unconfined 
strength tests, (b) Atterberg limits, (c) moisture content change, and 
(d) pH change. Each tube contained sufficient material free of fissures 
and cracks to extrude two samples measuring 2 1/2 to 3 inches in length 
for strength tests. The bottom 2 1/2 to 3 inches of soil extruded from 
the tube was designated "B,r and the next segment of the sample of the 
same size was designated "C" or center. The apparatus used for extruding 
the samples was a Soiltest Extruder illustrated in Figure 18.
After the last tube was taken from the electro-chemical treatment 
a tube with dye inserted at the bottom of the sample was tested to 






V. RESULTS AND CONCLUSIONS 
A. OBSERVATIONS AND RESULTS OF LABORATORY TESTS
1. General.
Various observations were made during the process of applying the 
electro-chemical treatment to the samples . ^ome of these qualitative 
data are useful in the interpretation of the effects of the current and 
the electrolyte on the clay. Two phenomena were observed with regard 
to the behavior of the samples during the treatment: (a) The develop­
ment of fissures and cracks possibly brought about by a change in the 
volume and up-lift forces induced by the eim.f., (b) The accumulation 
of entrapped air in the soil as a result of the densification during 
compaction of the sample (Figure 19).
2. Current and voltage variations.
The initial voltage and direct current applied to the system was 
50 volts at 39 m.a. For the first few hours (3%) the voltage and 
current remained constant but, 11% hours after commencing the test the 
voltage had increased to 54 volts and the current had dropped to 38 
m.a. This observation indicates that the resistance is increasing 
with time. By the end of the first 24 hours of treatment the 
resistance had increased from 122 ohms to 238 ohms, which is almost 
double the original resistance. Piping and shrinkage cracking was 
observed in the top of the sample (Figure 20). As this continued to 
progress, the resistance began to decrease again until by the end of 





Piping of Samples and Settlement 
on Cathode Screens
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3. Unconfined and triaxial strength data.
Three tubes were removed at the end of one day of treatment and 
three tubes were treated for a six day period.
The clay was extruded from the tubes and sliced with a wire saw 
into lengths of 2% to 3 inches. Samples from the bottom portion of the 
tubes were tested as a group and those from the center were tested as a 
group.
All samples were tested at a lateral pressure of 0, 30 and 60 psi 
in a standard triaxial machine (Figure 21).
4. Discussion of the triaxial test data!
The results of the triaxial strength tests at first glance appear 
to have little or no significance (Appendix A ) . However, when the 
moisture content effect (Table I) on strength is considered, the values 
available from these tests seem to show a definite trend. In order to 
consider the effect of moisture content variations, strength versus 
moisture content curves for the various lateral pressures were plotted. 
There were only three samples in each group so the curves are 
approximate only. A moisture content of 30 percent was used to deter­
mine the p^ - p^ values from the graph. Mohr circles and the rupture 
envelope were drawn for the data thus selected (Appendix B ) .
The slope of the rupture envelope for the material which had no 
electrical treatment is 13.0 degrees and intercepts the y ( "f') axis 
at c= 6.0. The one day treatment rupture envelope had a slope of 13.7 
degrees with a y ( f )  intercept of c= 12.3 and the six day tests give 
a rupture envelope slope of 9.0 degrees with a y ('7'') intercept of 
c = 15.3. This infers that the angle of friction increased slightly
41
Figure 21
Triaxial Test Samples Loaded to Failure 





























































during the first day of treatment and then began to decrease as treat­
ment continued. Cohesion on the other hand appears to increase. These 
are only trends which may or may not be consistant with additional tests.
5. Discussion of pH data.
The pH of the clay was determined before and after treatment.
Each pH test was performed using a slurry of 4 grams of clay to 10 ml 
of distilled water in order to have a basis for comparing the test 
results.
The results of the pH tests are shown in Table II. The trend 
appears to be that the pH of the one day treated samples are lower than 
those of the six day treated samples. Some of the one day pH values 
dropped below 7 to the acid side indicating an increase in the Hydrogen 
ion concentration. In no instance did any of the values of pH for the 
six day treatment drpp below 7, in fact the pH of the six day treatment 
was usually 9 or more. There does not seem to be any significant 
differences between the pH of the bottom specimens and the center 
specimens after one day treatment or six days of treatment.
The cathode water pH was measured immediately after treatment was 
started and was found to be the same as the electrolyte solution 
(12.3). This was probably due to movement of electrolyte along the in­
side walls of the tube between the clay and the tube rather than through 
the clay. Therefore, no particular significance can be placed on the 
cathode water pH.
6. Discussion of PI tests.
It was originally hoped that the Atterberg limits determinations 






Tube Days Sample Before After
PH pH
1 1 B 7.3 5.4
C 7.3 7.4
2 1 B 7.4 8.8
C 7.3 9.0
3 1 B 7.3 5.4
C 7.3 5.6
4 6 B 7.3 9.0
C 7.3 9.7
5 6 B 7.3 8.7
C 7.3 9.0
6 6 B 7.3 7.0
C 7.3 9.2
7 1 B 7.3 7.7
C 7.3 6.9
8 1 B 7.3 6.1
C 7.3 7.6
9 1 B 7.3 9.0
C 7.3 7.1
10 6 B 7.3 9.5
C 7.3 9.5
11 6 B 7.3 9.3
C 7.3 9.2
12 6 B 7.3 9.3
C 7.3 9.5
13 1 B 7.6 7.5
C 7.6 6.7
14 1 B 7.6 7.8
C 7.6 5.7
15 1 B 7.6 8.1
C 7.6 6.7
16 6 B 7.6 9.7
C 7.6 9.6
17 6 B 7.6 10.2
C 7.6 9.3
18 6 B 7.6 10.0
C 7.6 9.7
changes due to electrolyte injection. The results summarized in Table 
III are the values of the Liquid Limit, Plastic Limit and Plasticity 
Index before and after treatment. In general, the PI for the clay treated 
one day is less than that of the clay treated for six days. This is 
most evident in samples 1 through 6 and 13 through 18. Samples 7 
through 12 do not give evidence of any difference in one day and six 
day treatment.
Consistent increases are evident between the PI of the untreated 
clay and the treated clay. This resulted from an increase of the liquid 
limit in all cases after treatment and a decrease of plastic limit in 
most cases. The decreases in the plastic limit was always smaller than 
the increase in liquid limit values.
7. Shrinkage tests.
Results of shrinkage limit and shrinkage ratio values determined 
before and after treatment are as shown in Table IV. These tests were 
performed on air dried remolded residue from the shear tests.
The shrinkage limit is the moisture content at which no further 
shrinkage will take place upon continued drying. The shrinkage ratio is 
a measure of the bulk specific gravity and is the limit of density ob­
tained while drying. The shrinkage limit increased for all samples 
treated, compared to the untreated value, and the shrinkage ratio de­
creased with respect to the untreated condition.
8. Visual tests.
Two qualitative visual observations were made to determine the 
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*Average taken of samples tested
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In the first, five grams of the clay from samples with no treat­
ment, one day treatment and six day treatment were thoroughly shaken and 
dispersed in 25 ml of water and allowed to settle (Figure 22). Ob­
servation of the settled volume of the clay shows that the clay with 
six day treatment was the most dense, one day treatment next, and that 
which had no treatment was least dense of them all.
The second visual test performed was to place a uranine (water 
soluble dye) in the electrolyte and visually observe the color staining 
of the clay as treatment progresses (Figure 23).
B . CONCLUSIONS
The following conclusions, applicable only to the soil and chemical 
additives used, are a result of the investigation:
1. The decrease in current flow and the increase in voltage during the 
continuing treatment of the clay indicates an increase in electrical 
resistivity. As the mobility of the ions in the system under the in­
fluence of electric current changes, electrical resistance will change. 
The increase in resistivity noted may be attributed to the removal of 
the mobile sodium ions in the system and their replacement by less mobile 
calcium ions from the electrolyte solution. Decreases in the moisture 
content causing closer packing of the clay particles, as evidenced by 
the shrinkage, will cause an increase in the resistance. A continual 
increase in piping action during treatment is a reason for the decrease 
in resistance towards the end of the treatment period.
2. Dry areas within the clay near the walls of the tube indicate non 
uniformity of flow through the sample. This is further indicated by 
the piping near the top of the sample.
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Figure 22





3. Results from the triaxial tests indicate that the angle of friction 
first increased slightly and then decreased as treatment was continued. 
The cohesion value increased throughout the treatment period. The slight 
increase in friction may be associated with the decrease in pH value also 
observed at the end of the one day period. Values of pH of less than 7.0 
indicate an increase in hydrogen which would tend to decrease the zeta 
potential and increase the friction. The general indications obtained 
from the triaxial tests data are difficult to evaluate. Decreases in 
the angle of friction are normally associated with increasing zeta 
potential as is an increase in cohesion. However, closer packing of clay 
particles with the same orientation can .also increase the cohesion. The 
small decrease in the angle of friction cannot be given significant 
meaning without more extensive and accurate testing.
4. A decrease in the plasticity index is usually an indication of 
flocculation. This results from an increase in liquid limit accompanied 
by a more pronounced increase in plastic limit. While the plastic limit 
tests in this thesis yield inconclusive results, the steady increase in 
liquid limit strongly indicates flocculation.
5. Shrinkage limit and shrinkage ratio changes give further evidence 
of a flocculated structure. The shrinkage limit increased and the 
shrinkage ratio decreased which infers that shrinkage stops at a higher 
moisture content and that the bulk specific gravity in the completely 
dry state is decreased. These results would be most applicable to the 
card-house type structure. The clay had been remanipulated before 
these tests were made which provided ample opportunity for this preferred
orientation.
6. Shrinkage of the clay during treatment was evident as was a con­
sistent decrease in moisture content before and after treatment. No 
accurate measurements of this shrinkage was possible, therefore, no 
relationship between volume change, moisture loss and reorientation can 
be determined from this observation.
7. The visual settling test indicates that the zeta potential was de­
creased with treatment since a settled flocculant mass is denser than 
a settled deflocculant mass.
8. Dye placed in the electrolyte moved up through the clay in the 
tubes staining the sample in a fairly uniform manner.
9. Injection of an electrolyte such as lime can be made by electro­
motive force and, as a result, changes in the physical characteristics 
of the clay can be accomplished.
10. Additional work should be done, preferably with natural soil 
systems which have a wide range of physical properties. Commercial 
kaolin has a low base exchange capacity which presents difficulty in 
measuring changes in properties by the standard testing procedures.
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Mohr Circle Diagrams of Selected Samples Adjusted for 
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